In this paper simulated rainfall experiments in laboratory were conducted to quantify the effects of patchy distributed Artemisia capillaris on spatial and temporal variations of the Darcy-Weisbach friction coefficient (f). Different intensities of 60, 90, 120, and 150 mm h -1 were applied on a bare plot (CK) and four different patched patterns: a checkerboard pattern (CP), a banded pattern perpendicular to slope direction (BP), a single long strip parallel to slope direction (LP), and a pattern with small patches distributed like the letter 'X' (XP). Each plot underwent two sets of experiments, intact plant and root plots (the above-ground parts were removed). Results showed that mean f for A. capillaris patterned treatments was 1.25-13.0 times of that for CK. BP, CP, and XP performed more effectively than LP in increasing hydraulic roughness. The removal of grass shoots significantly reduced f. A negative relationship was found between mean f for the bare plot and rainfall intensity, whereas for grass patterned plots f r (mean f in patterned plots divided by that for CK) increased exponentially with rainfall intensity. The f -Re relation was best fitted by a power function. Soil erosion rate can be well described using f by a power-law relationship.
INTRODUCTION
Soil erosion has become a serious eco-environmental problem of worldwide concern. It causes on-site loss of topsoil and poses threats to land productivity (Lieskovský and Kenderessy, 2014; Ziadat and Taimeh, 2013) . This is especially true on the Loess Plateau of China, where erosion-prone area reached up to 472,000 km 2 and the area with soil erosion modulus higher than 8,000 tonnes km −2 yr −1 was approximate 91,200 km 2 in recent years (Wang and Shao, 2013; Zhao et al., 2013b) . The intense soil erosion and frequent anthropogenic activities have caused the extreme degradation of both zonal vegetation and soil quality in this region. Therefore, large-scale revegetation has been carried out for the sake of preventing soil erosion and restoring degraded ecosystems (Chen et al., 2008) .
Resistance to flow determines routing velocities and is of great importance both within stream channels and over hillslopes when making predictions of streamflow and soil erosion (Smith et al., 2007) . Overland flow resistance can be divided into grain resistance, form resistance, wave resistance, and rain resistance (Abrahams et al., 1990) . These resistances are affected by rainfall, flow regime, roughness elements at the soil surface (e.g. crop residues, rock fragments, vegetation, litter, microbiotic crusts, geotextiles), inundation of roughness element, rill development, sediment deposition, and so on (Knapen et al., 2009; Lane, 2005; Lawrence, 1997 Lawrence, , 2000 Parsons et al., 1994; Zhang et al., 2010) . Darcy-Weisbach friction coefficient (f), Chézy (C) and Manning´n are commonly used to model flow resistance (Smith et al., 2007; Zhang et al., 2010) , and f is the most widely used due to its dimensionless expression and good physical meaning (Luo et al., 2009) . Exploring overland flow resistance is critical for better understanding the hydrodynamic mechanisms of soil erosion processes and flow concentration over hillslopes (Jiang et al., 2012) , hence contributes to recommend appropriate measures to protect soils and reduce their erodibility.
Previous research indicated that overland flow resistance mainly associated with flow Reynolds number (Re), and most reached a power-law fitting for f-Re relationship expressing as (Smith et al., 2007) :
where, a and x are regression parameters that is influenced by surface features and flow regime. Emmett (1978) stated that this relation applied only for plane beds where the resistance to flow was entirely grain resistance, with f ∝ Re −1.0 for laminar flow and f ∝ Re −2.0 for turbulent flow. Roels (1984) found the exponent ranged from −0.07 to −0.90 without taking into account flow regime factor. Abrahams et al. (1992) reported that the f−Re relation for standard plane-bed was not ubiquitous, and either positive or negative relationships may fit in different conditions. Zhang (1999) found a critical slope, below which f−Re relationships are negative and over which these are positive.
Rainfall especially rainfall intensity has been regarded as a key factor related to runoff and erosion (Cerdà, 2002; Ziadat and Taimeh, 2013) , and it inevitably influences overland flow resistance. Yoon and Wenzel (1971) and Shen and Li (1973) indicated that shallow flow resistance increased with rainfall intensity when Re < 2000, whereas rainfall influence could almost be ignored when Re > 2000. Emmett (1978) confirmed that as against non-rainfall experiments, flow resistance doubled in rainfall experiments. Chen and Yao (1996) supported this point, but they held that rainfall intensity was not the sole factor: the smoother the bed, the more additional resistance the rainfall would yield; and this effect became slight after slope gradient reached the designed value.
Vegetation (e.g. community structure, plant stems, leaves, litter, root, and distribution pattern) plays an important role in regulating hillslope hydrological processes (Cerdà, 1998; Kröpfl et al., 2013; Shoshany, 2012; Zhang et al., 2012a, b) . The complex nature of vegetation effects on flow resistance has been investigated systematically. Concrete cubes (Herbich and Shulits, 1964) , glass fiber , stone or gravel Cerdà, 2001) , geotextile (Giménez-Morera et al., 2010; Knapen et al., 2009) , grass cover (Li et al., 2007; Pan and Shangguan, 2006) , and plastic pipes Li, 2009 ) were used to simulate surface cover. However, most studies were conducted on gentle slopes, and it is very necessary to conduct research on steep slopes not only because they takes large area in hillslopes of China, but also for further calibrating the results of gentle slopes (Li et al., 2007) .
Patched patterns of vegetation have been reported in many African and Australian arid and semi-arid areas since the 1950s (Beard, 1967; Dunkerley and Brown, 1995; Greenwood, 1957; Worrall, 1959) . The typical characteristics of vegetation patterns in arid and semi-arid ecosystems are higher plant-cover patches that are mainly distributed in spots or bands as a mosaic (Aguiar and Sala, 1999; Kröpfl et al., 2013) . Under some circumstances, plant species in these regions also had several different patterns of root distribution (Fowler, 1986; Nobel, 1990) . Perennial root zones are wider and deeper than those of annuals, and phreatophytes are often very deep rooted (Vásquez-Méndez et al., 2011) . Additionally, many studies also placed focus on the dynamics of the hydrological and erosional processes that generate and sustain patchiness (Boer and Puigdefábregas, 2005; Cerdà, 1997; Dunkerley and Brown, 1999; Puigdefábregas, 2005) . The main idea drawn in these studies is that vegetation patches divide slopes into runoff and runon zones and consequently into erosion (bare) and deposition (vegetated) zones which act as source and sink, respectively (Cerdà, 1997; Dunkerley and Brown, 1995; Puigdefábregas, 2005) . Dekker et al. (2007) reported that vegetation distribution is generally controlled by precipitation; meanwhile, precipitation distribution affects vegetation development and distribution, which in turn modifies the atmospheric energy and water storage. Bedford and Small (2008) found the spatial patterns of soil properties are assumed to be linked to patchy dryland vegetation. Hitherto, there is still a lack of information or direct experimental study in the Loess Plateau of China where the arid and semi-arid lands occupy about 67% of the entire region (Li et al., 2003) .
As aforementioned, significant achievements have been made in exploring the flow resistance characteristics over last several decades, and numerous studies pertaining to vegetation impacts, especially grass cover, on flow resistance have also been conducted. Nevertheless, most research was on slopes with uniform distribution of different vegetation types, very few involving the effects of vegetation structures (surface vegetation and roots) in terms of hydrodynamics (De Baets et al., 2006; Fan and Chen, 2010) . Plant canopy and root contribute differently in runoff and sediment reduction, and their respective influence mechanism also (Zhao et al., 2013a; Zhou and Shangguan, 2007) . Particularly in Loess Plateau of China, plants are mostly well developed roots but thin canopy, for reducing transpiration to adapt to the dry climate (Zhao et al., 2013a) . It is thus imperative to elucidate the hydrodynamic mechanism of vegetation structures on erosion control in this region.
Therefore, the objectives of this study were (i) to investigate the effects of patchy distributed Artemisia capillaris on spatial and temporal variations of the Darcy-Weisbach friction coefficient (f) under varied rainfall intensities; (ii) to analyze the effects of vegetation structures (A. capillaris and roots) being different patched patterns on f; (iii) to explore the relationships between f and rainfall intensity and flow regime under the experimental conditions. The findings can offer useful insights into the dynamic mechanism of soil erosion and provide scientific guidance for suitable land uses and construction of soil and water conservation measures.
MATERIALS AND METHODS Simulated rainfall set-up
The study was carried out under simulated rainfall conditions and a side-sprinkle rainfall simulating set-up was used at the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Yangling, China. Rainfall height was 16 m. The measured uniformity of simulated rainfall reaches > 85% of that of natural rainfall, which indicates the rainfall uniformity meets the experimental requirement. There was an operating system for rainfall controlling. Calibration of rainfall intensities was performed before each rainfall test. Experimental rainfall intensities can be obtained through adjusting nozzle combination and water pressure, which can generate different erosion forces and flow rate. And on this basis, we studied rainfall's impact on flow resistance.
Plot characteristics and experimental treatments
The experimental plots were made of steel sheets, with dimensions of 2 m×1 m. The slope gradient can be adjusted in the range of 0-25°, and 15° was selected in this study since it is a general gradient for returning farmland to forestland or grassland on the Loess Plateau of China. The soil tested was a silt loam (International Taxonomy) collected from 0-20 cm soil in an experimental field at An'sai, Shaanxi Province, China, and its sand, silt and clay contents were 46%, 46% and 8%, respectively. The soil was air-dried, gently crushed, and passed through a 10 mm sieve to remove gravel and residues. Before packing, a 10 cm layer of fine sand was put at the bottom of each plot for better drainage. Then 30 cm thick soil was packed in three 10-cm layers at a representative bulk density of 1.2 g cm -3 . Besides, each soil layer was raked lightly before the next layer was packed in case of discontinuity between them. Artemisia capillaris, a common indigenous grass on the Loess Plateau, was used for vegetation patterns. The grass seed was sown with a row spacing of 10 cm parallel to the plot surface and similar sowing density was adopted to ensure uniform grass coverage for all plots. After sowing, the plots were covered with straw mats and watered to promote germination and seedling growth.
It is estimated that the threshold coverage for vegetation influencing soil erosion varied from 30-50% (Guo, 2000) . Based on the same coverage (50%) but different distribution patterns, five treatments were implemented in the study: bare soil as control (CK), a checkerboard pattern (CP), a banded pattern perpendicular to the slope direction (BP), a single long strip parallel to slope direction (LP), and a pattern with small patches distributed like the letter 'X' (XP) (Fig. 1) . Vegetation cover was measured using vertical and aerial photographs taken with a high-resolution digital camera, as well as empirical estimation by visual observation. Four high rainfall intensities (60, 90, 120, and 150 mm h -1 ) were selected in this study, since high-intense and short-duration rainstorms, which are primarily responsible for soil erosion, frequently occur on the Loess Plateau. The experiment lasted 60 min after runoff initiation. All treatments were replicated three times.
Measurements and parameter calculation
For each rainfall simulation, plastic buckets were used to collect all runoff and sediment at the plot outlet at 3-min intervals. After the rainfall, runoff in each bucket was weighed on a balance. The buckets were then allowed to stand until the suspended sediment settled out. Then the supernatant was discarded, and the remaining wet sediment was transferred to iron basins to determine sediment weight after oven-drying at 105°C to constant weight. The dry sediment weight was then used to calculate sediment concentration and soil erosion rate.
Surface flow velocities (V s ) were measured by the KMnO 4 tracing method. The time of the tracer travelling across a marked distance (1 m) was determined according to the leading edge propagation using a stopwatch at 3-min intervals. From upslope to downslope, different longitudinal cross-sections were designed to determine velocities for different treatments (Fig. 2) . Hence, for each rainfall event, 20 measurements were performed at each section, which were then averaged to obtain the mean surface flow velocity of this section.
Water temperature was measured during the experiments, which was used to calculate flow kinematical viscosity. Flow depth and Reynolds number (Re) were calculated from Eqs. (2) and (3), respectively:
where, h is flow depth (m), Q is runoff volume during t time (l), V is mean flow velocity (m s -1 ), q is unit discharge (m 2 s -1 ), B is width of water-crossing section (m), and υ is kinematical viscosity (m 2 s -1 ). Measured V s was used to estimate mean flow velocities (V) by multiplying a correction factor α according to flow regime (Re), with α being 0.67 for laminar, 0.7 for transitional flow, and 0.8 for turbulent flow, respectively (Luk and Merz, 1992) . Under the experimental conditions, flow Re was 25−80 (Zhang, 2012) , thus mean flow velocities were corrected using 0.67 and then used to determine other hydraulic parameters.
The Darcy-Weisbach friction coefficient (f) was calculated from Eq. (4):
where, J is flow energy gradient and is generally calculated as the sine value of slope gradient, g is gravitational acceleration (m s -2 ).
To simulate vegetation structure, after the experiments with intact plants were completed, A. capillaris was clipped at the soil surface and only roots remained. All theses plots were subjected to the corresponding run tests again to investigate the flow resistance characteristics when surface condition changed. We referred to the plot with the intact plant and that with only the root as 'plant plot' and 'root plot', respectively.
Data analysis
Analysis of Variance (ANOVA) was used to detect treatment effects on measured variables. If significant treatment effects were observed (p < 0.05), the least significant difference (LSD) was used to test comparisons among treatment means. Paired sample t-tests were performed to analyze differences in variable means before and after clipping the above-ground parts of A. capillaris. These statistical analyses were performed using the SPSS 13.0 program.
RESULTS

Spatial variations of Darcy-Weisbach friction coefficient (f)
Grass patches generally had high effectiveness in increasing flow resistance (Table 1 ). The patterned plots of both plant and root plots had higher Darcy-Weisbach friction coefficients (f) than bare plots, and grass vegetated sections higher than bare ones. The f for different slope positions decreased substantially after removing above-ground portions of A. capillaris. For all treatments in plant plots, differences in f of lower slopes (S1/S3) were less than those of upper slopes (S2/S4). Mean f of the whole slope for patterned treatments was in the range of 2.8−9.1, which was 1.25−13.0 times of that for CK (Fig. 3) . In addition, mean f of the whole slope was slightly different among treatments BP, CP, and XP, yet they were markedly higher than treatment LP. No statistical differences were detected between LP and CK. These results indicated that treatments BP, CP, and XP performed more effectively than LP in increasing hydraulic roughness, and thus more efficiently in flow retardation, which agrees with the findings of Zhang et al. (2012b) .
Paired sample t-tests demonstrated that mean f significantly (p < 0.05) decreased after removing A. capillaris shoots clinging to the ground, and no differences in mean f were detected among patterned treatments. For the patterned treatments in root plots, mean f of the whole slope was 1.69−3.23, which was just 0.75−3.78 times of that for CK (Fig. 3) . Besides, there were minor differences in f among longitudinal sections, which was not the case for intact plant plots. This indicated that grass roots made small contribution to hydraulic roughness, thus removal of grass shoots or/and leaves significantly affect overland flow resistance. This result also suggests that grass cutting or grazing is crucial for the performance of grass patches in retarding overland flow from severely eroded steep slopes. Note: RI refers to rainfall intensity (mm h -1 ). CK is bare plot as control; CP is a checkerboard pattern; BP is a banded pattern perpendicular to the slope direction; LP is a single long strip parallel to slope direction; and XP is a pattern with small patches distributed like the letter 'X'. S1, S2, S3, and S4 refer to four cross-sections distributed on different slope positions. Within a column at the same rainfall intensity means followed by the same uppercase are not significantly different at p< 0.05 level using the least significant difference (LSD) method; within a row means followed by the same lowercase are not significantly different at p< 0.05 level using paired ttest method. Fig. 3 . Darcy-Weisbach friction coefficient (f) ratio of intact plant and root plots to bare soil. CK is bare plot as control; CP is a checkerboard pattern; BP is a banded pattern perpendicular to the slope direction; LP is a single long strip parallel to slope direction; and XP is a pattern with small patches distributed like the letter 'X'.
Darcy-Weisbach friction coefficient (f) and rainfall intensity (RI)
Since mean f for the bare soil plot will respond differently to various rainfall conditions (e.g. rainfall intensity), the relative Darcy-Weisbach friction coefficient (f r ) was used instead of mean f to compare the resistance characteristics for different patched patterns and rainfall intensities. f r was defined as the ratio between mean f for the patterned plots and the f for the bare soil plot, tested at the same rainfall intensity.
Mean f for bare soil and f r for patterned soil surface were plotted against rainfall intensity (RI), respectively (Fig. 4) . Root plots f r = 0.387+0.746e 0.011RI (R 2 = 0.907, p < 0.01) (7) The results showed an exponential decline in mean f for bare soil, but an exponential increase in f r for patterned plots, with increasing rainfall intensity. Small differences in f r among patterned treatments could be observed under lower rainfall intensity, whereas this phenomenon increased under higher rainfall intensity (Fig. 4a) . Removing the above-ground portions of A. capillaris not only reduced mean f in root plots, thus narrowing their inter-differences from the bare plot, but also lightened their within-differences among root plots (Fig. 4b) . 
Darcy-Weisbach friction coefficient (f) and Reynolds number (Re)
In the current study, f-Re could be well described by power functions (Fig. 5) . The best fitting between f and Re for bare soil plot was: f = 246.72Re -1.349
For intact plant patterned plots, it was: f = 166.44Re -0.885
For the root patterned plots, it was: f = 11.861Re As can be seen in eqs. (8-10), the power parameters for intact plant and root plots were 0.885 and 0.424, respectively, and they were much smaller than that for bare soil plot (1.349). This indicates that Re was more sensitive to f for bare soil plots than plant and root plots, and f decreased with Re much faster for bare soil than the grass patterned soil surfaces. This is due to the decreased cover of bare soil strengthening raindrop splash and turbulence of overland flow, and further decreasing flow resistance. The fitted line of root plots was almost parallel to the x-axis of Re and varied within a small range, implying that f was nearly independent of flow regimes or Re when removing above-ground shoots and consequently further suggesting the vital function of above-ground portions of A. capillaris in overland flow resistance on hillslopes, as is in accordance with the aforementioned analysis.
For all tests, f decreased with Re following a power trend with the regression equation being f = 53.677 Re -0.757 (R 2 = 0.141), indicating that for patchy distribution of vegetation on hillslopes, Re may not be applied as an independent parameter to estimate f effectively and other factors should be taken into account in follow-up research.
Temporal variation
Due to the similar changing processes of flow resistance for each treatment under different rainfall intensities, this paper took 90 mm h -1 as an example to analyze temporal variations of . CK is bare plot as control; CP is a checkerboard pattern; BP is a banded pattern perpendicular to the slope direction; LP is a single long strip parallel to slope direction; and XP is a pattern with small patches distributed like the letter 'X'. flow resistance. Fig. 6 shows that Darcy-Weisbach friction coefficient (f) curves for root plots entirely declined compared with those for intact plant plots, thus indicating lower flow resistance when clipping shoots. The f processes were a little different among treatments, especially during the initial runoff period. The f in the XP plot decreased substantially at first, then fluctuated in the first 25 min of runoff, and thereafter became fairly steady. For other treatments, f firstly increased and then gradually tended to stabilize. This pattern disagrees with Li et al. (2007) , who found runoff resistance on slope-gully surfaces with grass cover continuously increased with time. The differences in flow resistance processes may be attributed to differences in experimental conditions.
Overland flow is the result of an interaction between erosion dynamics and the underlying surface, and is inevitably subjected to a friction force to balance the gravity which acts to propel water downslope. Flow resistance characteristics therefore reflect erosion processes. The relationship between erosion rate (E r ) and Darcy-Weisbach friction coefficient (f) was further analyzed. As shown in Fig. 7 , f was negatively correlated with erosion rate following a power function, with regression analysis of E r = 7.747f -1.083 (R 2 = 0.764, n = 40, p < 0.01).
Fig. 7.
Relationships between soil ersoion rate and Darcy-Weisbach friction coefficient (f).
DISCUSSIONS AND CONCLUSIONS
Darcy-Weisbach friction coefficients (f) reflect the underlying surface resistance to overland flow. Under the same hydrodynamic conditions, greater f implies more energy will be consumed to overcome flow resistance thus less energy is available for soil detachment and sediment transport, and consequently causes slight soil erosion. Our research confirms the importance of spatial discontinuities induced by patterned vegetation in hillslope runoff processes, showing that patched A. capillaris plots had higher f than bare soil plots, and grass vegetated sections higher than bare ones. Soil erosion rate can be well reflected using f by a negative power relation. Amongst the grass patterns, BP, CP, and XP performed more effectively than LP in increasing flow resistance. Grass cutting significantly reduced f and minor differences in f were observed between root plots and bare soil plots, implying that a greater shoots/ground cover and roots in vegetation patches, behaving as intercepting rainfall, dissipating raindrop energy, promoting flow resistance, reducing overland flow velocities and hydraulic shear stresses, and soil fixation and slope stabilization, diminished soil erosion potential (Erpul et al., 2002; Regüés and Torri, 2002; Vásquez-Méndez et al., 2010; Zhang et al., 2012a, b) . These are indica- tive of the importance of vegetation cover in regulating runoff processes as also observed by Wainwright et al. (2002) and Bautista et al. (2007) , and reflects the importance of the patchy vegetation in the hydrological functioning of an environment (Beskow et al., 2009; Irvem et al., 2007) . Actually, in areas with a patchy distribution of vegetation, the relationships between runoff-erosion rates and vegetation covers are even more pronounced, and there are different hydrological and erosional responses to different patterning surfaces (Cerdà, 1997) . Numerous studies have explored the effect of rainfall on overland flow resistance. However, on rough erodible beds, quantifying this effect is beset with many complications, so no final conclusion has yet been reached. This study found that mean f of the whole slope for bare soil plot was negatively correlated with rainfall intensity following an exponential function, whereas positively exponential functions fitted well between relative f (f r ) and rainfall intensity for patterned plots. The result is inconsistent with many previous studies that took other factors into account, such as flow regime (Savat, 1977; Shen and Li, 1973) , surface roughness (Chen and Yao, 1996) , raindrop splash intensity (Mei, 2004) , and slope gradient (Pan and Shangguan, 2009) . Besides, the current study used a common method that calculated f from mean input parameters of the whole slope. As against this method, a second method was proposed whereby mean f was determined by averaging the respective f throughout flow cross-sections, which hereinafter is referred to as f ′. Under the experimental conditions, almost all f values were less than f ′ with the points being scattered for intact plant plots, whereas f approximated f ′ with the points being more concentrated and closer to the 1:1 line for root plots (Fig. 8) . Yi et al. (2011) reported that on a smooth flume of 15°, f was less than f ′, but the two values were basically identical on 20°, and when 25° was set, f was generally greater than f ′, indicating the importance of slope gradient in determining the Darcy-Weisbach friction coefficient (f). This again suggests a complex effect of rainfall that involves many aspects.
Plant-plots
As for f-Re relation, overland flow is far complex than streamflow. At present a relatively consistent view point is that dividing overland flow resistance according to surface features using open channel hydraulics, and then performing superposition to obtain the resistance (Jiang et al., 2012) . Our results agree with previous studies in the relation form as eq. (1) but different in the power parameters. Abrahams et al. (1992) studied the flow resistance of non-vegetated soil in Arizona and found the power parameter x in eq. (1) varied from -0.43 to -1.10 with the mean value being -0.81, which is much greater than eq. (8) of our study. Their further research demonstrated that f-Re relation was positive for grassland but negative for shrubland. Roels (1984) considered slope length as an important factor of f-Re relation thus the f-Re relation for long slope couldn't obtain by interpolating and extrapolating. These differences may be attributed to rainfall, underlying surface, vegetation type, slope feature, etc. and/or their interaction, showing Re may not be used as an independent parameter to effectively estimate f and some other factors may need to be considered in further research.
In conclusion, many factors as rainfall, Reynolds number, vegetation, slope, and their interaction affect Darcy-Weisbach friction coefficient. Most achievements based on specific experimental condition and it is difficult to reveal its inherent law. Further research, such as a more strategic variety of treatments (e.g. multiple slope gradients, one vegetation pattern with different-sized gaps or planting density, soil-bins or flumes, simulated rainfall or scouring, smooth bed or rough bed), should be conducted to elucidate the mechanisms. 
